Validation of an Integrated Software for RBD Detection-Frauscher et al.
INTRODUCTION
Rapid eye movement sleep without atonia (RWA) is the polysomnographic (PSG) hallmark of REM sleep behavior disorder (RBD), and current International Classification of Sleep Disorders criteria thus require PSG evaluation for a definite diagnosis of RBD. 1 An attempt to diagnose RBD based on history or questionnaires alone may result in false-positive diagnoses because of the challenging differential diagnostic spectrum.
difficult to use in clinical routine. To overcome this major limitation, computer-assisted algorithms for the detection of RWA have been developed over the past several years, [10] [11] [12] [13] [14] but none of these software solutions has been integrated in existing PSG systems. This, however, would be essential for clinical routine. In addition, software solutions focused only on the chin, but not the limbs which was shown to be of importance for RBD evaluation. 9, 15, 16 Moreover, validation against the gold standard of manual RWA quantification is lacking for some algorithms. 14 The aim of the current study was to validate an individually tailored and now commercially available computer algorithm for the detection of different types of RWA activity measures, including the Sleep Innsbruck Barcelona (SINBAR) criteria against the gold standard of manual RWA quantification. To emphasize the importance of artifact correction for any automatic detector, we provided both the uncorrected and the manually artifact corrected validation results. The assessment of normative values for REM-related electromyographic (EMG) activity for the differentiation between patients with RBD and controls was not within the scope of the current study.
METHODS

Selection of Study Participants
All patients with either idiopathic or symptomatic RBD caused by neurodegenerative disease as well as all healthy volunteers who underwent PSG at the sleep center of the Department of Neurology of Innsbruck Medical University between September 2011 and July 2013 were screened for this study.
RBD was diagnosed according to International Classification of Sleep Disorders 2 criteria 1 based on (1) a history suggestive of RBD, and (2) a qualitative finding of RWA in the video-PSG. All healthy volunteers were selected from the Innsbruck sleep laboratory normative sample. 17 This sample was recruited from an existing representative population sample after undergoing a two-step screening process (telephone interview, personal expert interview including a complete neurological examination). Approximately four subjects had to be screened to identify one willing and eligible subject fulfilling the strict inclusion and exclusion criteria. In brief, any relevant sleep disorder, any neurological or psychiatric disease, presence of internal diseases such as pulmonary, renal, cardiac, and liver disease, diabetes mellitus, a body mass index higher than 30 kg/ m 2 , pregnancy, regular alcohol consumption of three or more glasses of wine or three bottles of beer per day, use of pain medication more than three times per week, or use of central nervous system active medication including hypnotics during the year prior to study participation were exclusion criteria. Because the goal of the project for which we originally recruited these healthy sleepers was the investigation of motor activity in physiological sleep, careful attention was paid to the presence of RBD or other movement disorders during sleep, which was assessed by expert interview. For further details see the full paper on motor activity in healthy sleep published by Frauscher et al. 17 None of the healthy volunteers had a history suggestive for RBD, and the thorough neurological investigation that was performed revealed no signs of parkinsonism in any of the healthy volunteers.
The cutoff date of September 2011 was selected, as in September 2011 the Brain RT PSG system of the company OSG (address: Bussestraat 17, 2840 Rumst, Belgium. Contact person: Sabine Wuytens; website: http://www.osg.be) was introduced at the Innsbruck sleep laboratory, which feature of computerized detection of RWA was validated in the current study. This computer algorithm was individually tailored by the authors together with the software development department of the OSG company in several sessions for the detection of RWA based on the previous works of the SINBAR group. 9, 15, 16 This algorithm is now commercially available, and integrated in the Brain RT PSG system of OSG. This software can perform the same computer algorithm on signals from other PSG devices in EDF, EDF+, Embla file format (titanium), and Brainlab format.
Exclusion criteria were an apnea-hypopnea index higher than 10/h, use of any psychiatric or neurological medication for patients with idiopathic RBD and healthy volunteers, or use of melatonin or clonazepam for RBD-specific treatment. For symptomatic patients with RBD, the exclusion criterion was use of clonazepam or melatonin for RBD-specific treatment. All subjects underwent 1 night of 8-h video-PSG according to American Academy of Sleep Medicine (AASM) 2007 standards. 18 This study was approved by the local ethical committee of Innsbruck Medical University. All participants granted written informed consent prior to study participation.
Video-PSG
Video-PSG included electroencephalography (F3, F4, C3, C4, O1, O2, M1, and M2 electrodes), electrooculography (vertical and horizontal eye movements), electromyography (EMG) (mental, both flexor digitorum superficialis muscles (FDS), both anterior tibialis muscles), and cardiorespiratory recording [single channel electrocardiography, nasal airflow (thermocouple), pneumoflow, tracheal microphone, thoracic and abdominal respiratory movements (piezo), transcutaneous oxygen saturation]. Sleep was scored according to the 2007 AASM criteria. 18 For scoring of EMG activity, bipolar surface EMG was recorded with the low frequency filter at 50 Hz, the high frequency filter at 300 Hz, and a sampling rate of 1000 Hz. Amplification was set at 5 µV per mm for scoring of REMrelated EMG activity. Impedance of surface EMG electrodes had to be lower than 10 kΩ.
Description of Manual and Computer-Assisted EMG Analysis with and without Manual Artifact Correction
Manual Quantification of REM Sleep Related EMG Activity ("Any," Phasic, Tonic )
Before beginning the analysis of EMG activity, REM sleep was carefully examined for artifacts (e.g., snoring, background noise) and transitory increases in EMG tone caused by arousals. All artifacts and transitory increases in EMG tone caused by arousals were excluded from the quantitative scoring of REM sleep related EMG activity.
Quantification of "any," phasic and tonic EMG activity was performed manually during REM sleep according to SINBAR criteria by a single scorer. 9 "Any" and tonic EMG activity were assessed for the mentalis muscle only, whereas phasic EMG activity was assessed for both the mentalis and the FDS. For scoring "any" and phasic EMG activity, the 30-sec epoch was divided into 10 3-sec miniepochs. "Any" EMG activity was defined as the presence of any EMG activity with an amplitude more than twice the background EMG and a duration of 0.1 sec or greater irrespective of its duration. Phasic EMG activity was defined as any burst of EMG activity lasting between 0.1 and 5.0 sec with an amplitude exceeding twice the background EMG activity irrespective of its morphology. Phasic EMG activity was scored for the chin and the FDS. Tonic EMG activity was scored for the mentalis muscle only in 30-sec epochs, and is defined as a more than 50% increase of sustained EMG activity of the total epoch with an amplitude of at least twice the background EMG muscle tone or more than 10 µV.
We calculated the "any" EMG activity index, the phasic EMG activity index, and the tonic EMG activity index in the mentalis muscle, the phasic EMG activity index for the FDS as well as the SINBAR EMG activity index for the combination of "any" EMG activity in the mentalis and phasic EMG activity in the FDS. The "any," phasic, and SINBAR EMG activity indices are the percentages of 3-sec miniepochs containing "any" or phasic EMG activity divided by all evaluated miniepochs. The tonic EMG index is the percentage of 30-sec epochs, which has tonic EMG activity. The computerized software algorithm was developed by OSG in cooperation with the authors to quantify EMG activity reflecting the SINBAR criteria.
9 It detects the rate of "any,"
phasic, or tonic EMG activity in the mentalis muscles and phasic EMG activity in all other extremity muscles. According to a recent recommendation, 9 the rate of phasic EMG activity in the FDS was reported. Derived indices are the "any," phasic, and tonic mentalis EMG activity index, the phasic FDS EMG activity index, as well as the SINBAR EMG activity index.
For phasic EMG activity, a default setting with a duration between 0.1 and 5 sec and an amplitude exceeding twice the background EMG was chosen. The background EMG was adaptively calculated over 15 sec. The onset criterion is selected with twice the background EMG or 2 µV, whichever is higher; the offset criterion is selected when the amplitude falls below 10% of the average EMG signal amplitude or below 2 µV, whichever is higher. For example, if the average amplitude of the EMG activity is 50 µV, the offset amplitude is when the EMG amplitude drops below 5 µV (10% of the average amplitude). When the average amplitude is 15 µV, then the offset amplitude is 2 µV (2 µV is the minimum EMG amplitude). The intermovement distance is given with 0.1 sec. For "any" EMG activity, the duration was increased to 15 sec. In line with the manual quantification of REM sleep, 3-sec miniepochs were evaluated.
The tonic activity of the mentalis muscle was evaluated in 1-sec timeframes over the entire night and divided into four categories ranging from low level to high level EMG activity. Tonic EMG activity is detected when at least 50% of the respective 30-sec epoch contains a background tone higher than the range of the low level background category augmented by 1 µV. For this analysis, the aforementioned software default settings were used and a manual artifact correction was performed after running the computerized quantification by a trained scorer not involved in the manual EMG scoring process. Manual artifact correction consisted of the exclusion of false positive epochs because of snoring artifacts, electrocardiographic artifacts, or EMG activity in the context of arousals.
Statistics
Statistics were calculated with SPSS 19.0 for Windows. All data were tested for normal distribution using the Shapiro-Wilks test. Because data were not normally distributed, nonparametric statistics were applied. Spearman correlation coefficients were assessed to investigate correlations between manual and computerized quantification of REM-related EMG activity. To follow the methodology of the previous SINBAR papers, 9, 15, 16 EMG activity variables are reported as means and standard deviations. Sensitivities and specificities were calculated using JAVA applets provided by the University of Münster. A P value less than 0.05 was considered to indicate statistical significance.
RESULTS
Demographic, Clinical, and Sleep Characteristics of the Patients with RBD and the Healthy Volunteer Sample
PSG registrations of 20 patients with RBD (18 men, 2 women) with a mean age of 65.1 ± 11.6 y were analyzed. RBD etiology was idiopathic in 10 cases (9 men, 1 woman) and symptomatic in 10 cases (9 men, 1 woman) because of neurodegenerative disease. Five of the 10 subjects had probable Parkinson disease, three probable multiple system atrophy, one probable Lewy body dementia, and one patient had suspected neurodegenerative disease that was not further specified. The median Hoehn and Yahr stage in "on" was 2.5 (range 2-4). Idiopathic RBD subjects had no neurological or psychiatric medication, whereas in the symptomatic RBD group, five patients were on antiparkinsonian medication: three patients were on 500-700 mg levodopa/day, one of these three patients had a combination with 8 mg rotigotine TTS and 300 mg amantadine, two patients were on pramipexole (1.05 and 2.1 mg/day), and three patients were on 1 mg rasagiline. Two of the 10 subjects were treated with the selective serotonin reuptake inhibitor sertraline. One patient was taking the atypical neuroleptic olanzapine.
The healthy volunteer sample consisted of 18 men and 42 women with a mean age of 50.9 ± 13.8 y. None of these subjects had any central nervous system active medication. Table 1 provides the PSG characteristics of the two study samples. For this analysis, a total of 87,042 REM sleep 3-sec miniepochs (mean number of analyzed REM sleep 3-sec miniepochs per subject: 1088 ± 465.1) were quantified. Table 2 provides the mean values of all analyzed EMG activity measures ("any", phasic, tonic) obtained by manual EMG quantification according to SINBAR EMG criteria for the mentalis muscle, the FDS, and the combined SINBAR EMG measure. As expected, mean values for all evaluated EMG activity measures were much higher in RBD patients compared to controls, although there was some overlap between cases and controls. Ninety-five percent of RBD subjects exceeded at least in one EMG activity measure the recently recommended cutoff levels of the SINBAR group 9 : 85% of subjects exceeded the 18% cutoff value for "any" mentalis EMG activity, 90% the 16% cutoff value for phasic mentalis EMG activity, 65% the tonic mentalis EMG cutoff index of 9.6%, 95% the phasic FDS EMG cutoff index of 17%, and 89% scored positive on the SINBAR EMG montage with a cutoff value of 32%. In contrast, 33% of the healthy volunteers scored positive on at least one of the EMG activity measures: 27% scored positive for "any" mentalis EMG activity, 32% for phasic mentalis EMG activity, 0% for tonic mentalis EMG activity, 13.3% for phasic FDS EMG activity, and 13.3% for the SINBAR EMG montage. The respective sensitivities and specificities are provided in Table 3 . Table 2 provides mean values of the computer-assisted quantified EMG activity measures for RBD patients and healthy volunteers. Of note, mean indices gained by manual analysis and computerized quantification were very similar for "any" mentalis EMG activity, tonic mentalis EMG activity, phasic FDS EMG activity, and the SINBAR EMG montage, whereas phasic mentalis EMG activity as assessed by the computer algorithm was lower for phasic mentalis EMG activity in patients but not controls. Table 3 provides the sensitivities and specificities for the computerized quantification. The measures tonic mentalis EMG activity and phasic FDS EMG activity were very similar for both manual and computer-assisted scoring, whereas for all other measures ("any" mentalis, phasic mentalis, SINBAR) the sensitivity was comparatively similar, but specificity was reduced with the computer-assisted approach alone. Nevertheless, all correlation coefficients were between 0.66 and 0.98 (Figure 1a through 1e) . Figure 2a through 2e show that the rate of false positives in the healthy volunteer sample increases when computerized quantification was performed.
Manual Quantification of REM-Related EMG Activity
Comparison of Manual Versus Computer-Assisted Quantification of REM-Related EMG Activity
Further Improvement of the Computerized Quantification of REM-Related EMG Activity by Manual Artifact Correction
To further improve the results of the computerized quantification of REM-related EMG activity, manual artifact correction was performed by a trained PSG scorer (DG). Manual Indices are expressed as means ± standard deviations. EMG, electromyographic; FDS, flexor digitorum superficialis; RBD, REM sleep behavior disorder. artifact correction took a median of 5.4 min (1.4-20) . Mean EMG activity indices were similar to those of computerized scoring alone (Table 2 ). In line with this finding, correlation coefficients were also only slightly higher than with computerized quantification alone (all Spearman rhos: 0.70-0.98, see Figure 1a through 1e). The most striking difference was that manual artifact correction led to an improvement of specificities compared to computerized scoring alone (see Table 3 ). Moreover, computerized scoring plus manual artifact correction led to a significant reduction of false positives for "any" mentalis (40%), phasic mentalis (40.6%), and the SINBAR index (41.2%). Tonic mentalis EMG activity and phasic FDS EMG activity was not improved by artifact correction (Table 4 ).
DISCUSSION
The current study validated a fully integrated and now commercially available software for the detection of RWA, which was developed in cooperation with the authors. This software is the first algorithm which quantifies different types of EMG activity ("any", phasic, tonic) according to SINBAR criteria not only in the mentalis but also in the extremity muscles. The correlation between the computerized and the standard manual EMG quantification was demonstrated to be high. In addition, this is the first study providing the results of the automatic detection before standardly applied manual artifact correction, which is a basic prerequisite when applying any automatic detector. Manual artifact correction of the computerized quantification, which took only a few minutes and which can be performed by a sleep technician during routine PSG scoring, led as expected to an important reduction of the number of false positives which, however, is mandatory in a disorder such as RBD.
Computerized Versus Manual RWA Quantification
RWA quantification performed with the computer algorithm used here correlated highly with the gold standard of manual EMG quantification. Furthermore, overall sensitivities were very similar, suggesting that time-saving computerized quantification is an excellent screening tool for RBD detection. These findings therefore confirm the notion of the few existing studies on computer-assisted quantification of RWA that computerized algorithms are time saving and useful for EMG quantification.
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The novelty of the current algorithm to the published algorithms is that it presents the first computerized algorithm fully implemented in a routine PSG system. This, however, is essential when using computerized quantification in everyday clinical routine. Another advantage of the current software is that the different EMG activity measures are visibly marked after running the software on the PSG screen and therefore can be continuously checked for plausibility online during standard PSG scoring by a routinely trained PSG technician. None of the other software has been integrated in standard PSG systems, and none has fully entered clinical routine so far. Moreover, the algorithm validated in this paper reflects not only a single type of EMG activity, [10] [11] [12] [13] [14] but all of them. 9 The use of several EMG activity measures, however, might be useful as relying on one measure alone might result in RBD underdiagnosis. The current study showed that all subjects who exceeded the tonic EMG cutoff value of 9.6% had RBD, but, sensitivity was only moderate because a significant portion of true RBD subjects did not reach this cutoff level. In contrast, most RBD subjects were detected when the various measures were combined. Of note, the rate of false positives could be reduced when applying a combined measure such as the SINBAR EMG activity index in comparison to assessing phasic EMG activity in the chin alone. In addition, it is the first algorithm that detects EMG activity not only in the chin but the limbs. Previous studies of our group that manually investigated multiple muscles of the human body in patients with RBD demonstrated that a combination of the mentalis and the FDS muscle on the upper extremities is very suitable, with an area under the curve of 0.998 to discriminate between RBD and non-RBD. 9 Therefore, in this study EMG activity of the mentalis and the FDS was assessed; however, assessment of EMG activity in any other extremity muscle is feasible.
Computer-Assisted RWA Quantification with Versus without Manual Artifact Correction
Based on the assumption that computerized RWA quantification might be prone to false positives because of confounding by artifacts (e.g., snoring, transient EMG increases caused by respiratory event-related arousals), we directly compared the results of the computer-assisted RWA quantification without artifact correction against the computer-assisted RWA quantification with artifact correction. This manual artifact correction is a basic prerequisite for the use of any automatic detector. None of the published studies has reported on these data yet, as only data after manual artifact correction were provided. [10] [11] [12] [13] [14] Correlation analyses of all evaluated EMG activity measures revealed that correlation is high for both approaches, however, that specificities were lower without manual artifact correction 
